Acetyl coenzyme A (CoA) carboxylase activity of whole tissue homogenates and chloroplast preparations was analyzed as the acetyl-CoA-dependent incorporation of I'4Cibicarbonate into an acid-stable product. The absolute requirement for ATP and MgCl2, the complete inhibition with avidin, and end-product analysis were consistent with the presence of acetyl-CoA carboxylase activity. Little difference was found between the mutant and normal tissue homogenates from the 1-to 3-day growth stages, during which period both showed a 3-fold increase. However, by 4 days, the activity of the mutant exceeded that of the normal. Fractionation studies showed that the enzyme was a soluble protein present in the stromal fraction of chloroplasts. The biotin content was also highest in the stroma, although it was found in the lamellar fraction as well. For both the mutant and the normal, the highest acetyl-CoA carboxylase activities were obtained in the stromal preparations from 4-day seedlings (54 and 31 nmoles per milligram protein per minute for the mutant and the normal, respectively) with a progressive decline by 6 and 8 days. The difference between the mutant and the normal was not due to the accumulation of an inhibitor in the normal.
proteins and have been purified 1,000-fold to a specific activity of 6.3 and 7.4 pmol HCO3 incorporated/mg protein.min, respectively. The purified wheat germ protein was partially dissociated into two protein constituents and the partial activities suggested BC and BCCP separated as one complex and CT as the other (13) .
Even though chloroplasts are the major or sole site of cellular fatty acid synthesis in green tissue (29) , the presence of acetylCoA carboxylase in the chloroplast fraction has only been ascribed through indirect methods. Reports describing acetyl-CoA carboxylase activity in green tissue and in isolated chloroplasts are limited, but intact chloroplasts readily incorporate acetate into palmitic and oleic acid by de novo synthesis (12, 33) , suggesting that the enzyme is functioning effectively. Acetate and acetyl-CoA served as poor substrates for broken chloroplasts, whereas malonyl-CoA was readily incorporated into fatty acids (33) . This dicrepancy was partially explained by the occurrence of an unidentified inhibitor in disrupted lettuce and spinach chloroplast fractions (33) . The buildup of an inhibitor was also suggested from studies of plastids isolated from greening barley seedlings (18) . Good acetyl-CoA carboxylase activity was detected if the disrupted spinach chloroplast system was supplemented with E. coli carboxyltransferase, suggesting the inhibitor was specific for the CT reaction (21) . The procaryotic nature of the spinach acetylCoA carboxylase has also been inferred from studies involving CT supplementation in combination with chloroplast fractionation (21) . Complete activity required the presence of both stromal and lamellar preparations and the BCCP protein was described as a membrane-bound constituent (21) .
In the preceding study (34) of developing leaves of Gateway barley and its virescens mutant, a general lag in the accumulation of the major chloroplast acyl lipids was evident for the mutant. Here, the study has been extended to examine acetyl-CoA carboxylase activity in developing leaves and chloroplasts of the two lines. The enzyme activity which was maximal during the interval of rapid lipid accumulation, declined sharply at leaf maturity but was higher for the mutant than the wild type. Contrary to the findings of Stumpf and co-workers (18, 21, 33) , appreciable activity was detectable in disrupted chloroplasts and the complete activity was found in stromal preparations.
C. Buffers containing DTT were prepared in bulk without DTT. The DTT was added fresh daily to new portions of the buffers. HABA was recrystallized from aqueous methanol.
Plant Material. Hordeum vulgare (cv. Gateway) and its virescens mutant which were described in the preceding paper (34) were used in this study. For analysis of seeds germinated for I and 2 days, the embryos were excised from the endosperms, whereas whole shoots from 3-and 4-day-old seedlings were excised at the point of seed attachment. To facilitate the isolation of embryos, the seeds were dehusked essentially as described by Brock and Kannangara (6) used for the analysis of 4'-, 5'-, and 6'-day-old seedlings (Table I) and for plastid isolation of 4-, 6-, and 8-day-old seedlings (Table   V) The specific radioactivity, in dpm/,umol, of the NaH"4CO3 solution was determined as outlined by Miller and Levy (26) . Protein estimations were determined by the method of Bradford (5) with BSA fraction V as the standard, and Chl was determined according to Arnon (2) .
Identification of Reaction Product. The reaction product was analyzed by Gelman TLC as described by Huang (14) . The reaction was terminated with concentrated HCI and then brought to 3 N KOH to hydrolyze the thioester. Following hydrolysis, the samples were neutralized with HCI. Aliquots of unhydrolyzed, hydrolyzed, and malonic acid standards were spotted on Gelman ITLC-SG sheets, dried in a fume hood at 60 C for 15 min under a heat lamp, and developed with the solvent system of watersaturated ether: formic acid (7:1, v/v). After chromatography, the sheets were dried in the fume hood at 60 C for 30 min. Unlabeled malonic acid was detected with slightly alkaline bromocresol green solution. For radioactivity determinations, 1-cm sections were cut from the sheet and the activity was determined as previously described.
Biotin Determination. The biotin content of the chloroplast stroma and lamellar fractions was determined by a spectrophotometric assay based on the binding of a dye by avidin, essentially as outlined by Green (11) . Stromal fractions were defatted with two washings of diethyl ether; lamellar fractions were resuspended in 1 to 2 ml 50 mm K-phosphate (pH 6.8) using the TenBroeck tissue grinder and defatted with diethyl ether:methanol (4:1, v/v). The stroma and lamellar fractions then were made to a volume of 5 or 10 ml with 50 mm K-phosphate (pH 6.8) and heat-denatured at 70 C for 15 min. After cooling to room temperature, the samples were incubated with 10 mg protease for 48 h at 30 C. The samples were again heat-denatured and then centrifuged at 12,000g for 30 min. The supernatant was freeze-dried and the biotin content was determined. The freeze-dried samples were dissolved in 450 ,ul 100 mm phosphate buffer (pH 6.8) and 150 ,ul containing 242 ,tg avidin and 22 ,ug HABA in the same buffer was added. The A was read at 500 nm and from this the A at 600 nm was subtracted. Biotin was quantified by comparison with standards which were also subjected to the protease digestion.
RESULTS
Acetyl-CoA Carboxylase Activity of Whole Tissue Homogenates. The acetyl-CoA carboxylase activity of whole cell homogenates is shown in Table I . The mutant and normal showed similar activities during the initial 3 days growth, when compared on the basis of protein content, fresh weight, and seedling count. A marked increase in specific activity from approximately 6 to 20 nmol/mg protein-min and on a per 100 seedling basis from approximately 12 to 43 ,umol/ 100 seedlings h occurred during this interval. Increases were, however, less evident when expressed on a fresh weight basis. By 4 days, the activity of the mutant exceeded that of the normal on all comparisons. These differences were more evident on samples taken from the apical 3-cm leaf segments designated by 4', 5', and 6' days. The difference between the 4 and 4' days, which is most evident for activity expressed as seedling counts, is likely due mainly to the sampling method as outlined above. On samples taken from leaf segments (4', 5', and 6' days), the activity of the normal was maximal at 4' days and showed a rapid decline at 5' and 6' days. The activity of the mutant peaked at 5' days and showed a decline by 6' days.
Soluble Leaf Acetyl-CoA Carboxylase. An increase in the specific. activity of acetyl-CoA carboxylase in the high-speed supernatant fraction was found following centrifugation of 5-day normal barley (apical, 5-cm) leaf homogenates at 110,000g for 60 min. The results, in nmol NaHCO3 incorporated/mg protein, were: whole leaf homogenate, 9.6; 110,000g supernatant, 17.1; 1 10,000g pellet, 1.4. This is contrary to what would be expected if one of the constituents of the enzyme complex were membranebound, as was previously reported (20, 21) , and is in agreement with the results of Reitzel and Nielsen (31) who reported an increase in the specific activity when whole barley-leaf homogenates were centrifuged at 150,000g for 45 min.
Chloroplast Acetyl-CoA Carboxylase. Since several studies have indicated that the plastid fraction is the major site of fatty-acid synthesis (29, 36) , chloroplasts were isolated and the enzyme activity was assayed in both membrane and stromal fractions. These results (Table II) suggest that the complete enzyme complex occurs in the soluble fraction of the chloroplast. Further comparisons between the mutant and normal were therefore made using isolated plastids.
Both the Chl and protein content were shown to change considerably during the growth interval. The Chl content on a leaf freshweight basis showed a 9-fold increase in the mutant and a 2-fold increase in the normal (Table IV) . The protein content also increased (34) and ribulose -1,5-bisP carboxylase, the major chloroplast stromal protein, increased 1.5-and 5-fold, respectively, for the normal and the mutant between 4 and 8 days (3). In an attempt to obtain a suitable parameter for comparisons, plastid numbers were determined for both the normal and mutant plant types. Because Chl is confined to the chloroplast membranes, calibration curves were established expressing Chl concentration against plastid number. A typical curve is shown in Figure 1 . Such curves were established for both mutant and normal seedlings at 4, 6, and 8 days. From the slope of each line, the number of plastids corresponding to the Chl concentration could be determined. The Chl content per plastid for both plant types at 4, 6, and 8 days is shown in Table III .
The Chl content per plastid of the normal reached a maximum at 6 days; however, the plastid Chl content of the mutant was still increasing at 8 days, where it represented 54% of the level reached by the normal at its maximum. Evidence that selection of plastids occurred during the isolation of the mutant plastids was indicated by a comparison of a ratio of the Chl content of the mutant to the normal on a whole-leaf and a per plastid basis (Table III) . These differences, however, were less evident by 8 days, presumably due to the general increase in the mutant plastid size and the over-all mutant chloroplast population becoming more homogeneous.
Bacterial contamination in the plastid isolates was minimal. Using the highest counts obtained for the isolates monitored, it was estimated at 0.007 and 0.04% for the 6-day normal and mutant, respectively. Those of the 8-day normal and mutant were slightly lower, 0.008 and 0.002%, respectively.
When activity was expressed on a plastid number basis (Table  IV) , both plant types showed maximum activity at 4 days; however, the normal contained only 18% of the level reached by the mutant. The activity in both decreased to very low levels by 8 days. This decrease could likely be accounted for in part by the loss of chloroplast-soluble proteins during plastid isolation and also perhaps due to an inhibitor build-up during greening (21) . Estimates of soluble protein:Chl ratios of the plastid isolates (Table IV) were considerably lower for the mutant at 8 days and the normal at 6 and 8 days than the protein:Chl ratios reported for intact isolated plastids: 8.9 for spinach (16) and 5.2 to 6.4 for tobacco (30) . Also, a cursory comparison of the ability to evolve 02 in the presence of ferricyanide before and after osmotic shock (24) of a 7-day normal plastid preparation suggested that only 25% of the plastids were intact. Tests to Determine Presence of an Inhibitor. The addition of the partially purified E. coli carboxyltransferase subunit (CT subunit) to a 5-day normal stromal preparation did not enhance NaH'4CO3 incorporation (Table V) . This is contrary to the findings of Kannangara and Stumpf (21) who reported a substantial formation of malonyl-CoA upon the addition of the E. coli carboxyltransferase subunit to disrupted spinach chloroplast preparations. In a further test for inhibitor activity, aliquots from normal and mutant stromal preparations were pooled. Inasmuch as the pooled activities (shown in Table VI) were additive, the lower activity from the normal stromal preparations was not due to the action of an inhibitor.
Assay Constituents. The effect of the various assay constituents on the enzyme activity is shown in Table VII. The absolute requirement for ATP, MgCl2, and acetyl-CoA is in agreement with the known cofactor requirements for acetyl-CoA carboxylase activity (23) . The mild stimulation by KCI, DTT, and BSA was not always experienced and, in some instances (as shown in Table  VII ), BSA at 0.2 mg was slightly inhibitory.
Inhibitory Effect of Avidin. Avidin completely inhibited enzyme activity (Table VIII) . This inhibition was prevented if the reaction medium containing avidin was preincubated in the presence of biotin before the addition of NaH'4CO3. This observation indicated that biotin was participating in the reaction. Biotin is known to serve as a prosthetic group covalently bound to the enzyme (23, 35) .
End-product Analysis. Further evidence that the incorporation of NaH14CO3 was a measure of acetyl-CoA carboxylase activity is provided by end-product analysis. TLC on ITLC-SG plates suggested the presence of a CoA ester because the activity remained at the origin in the solvent system used (14) (Fig. 2) . Upon hydrolysis, the radioactive compound showed the same migration pattern as malonic acid, which is the known acetyl-CoA-dependent product of acetyl-CoA carboxylase activity. Biotin Content of Chloroplast Fractions. The biotin content in the stroma and lamellar preparations was also determined as a further test for the location of the enzyme within the chloroplast. The biotin content was highest in the stromal fraction, although the unwashed membrane fraction also contained a considerable quantity (Table IX) . In contrast to the activity estimates, the biotin content of the stromal preparations of the normal exceeded the concentration detected in the mutant.
DISCUSSION
In the present study, the cofactor requirements (Table VII) , the complete inhibition by avidin (Table VIII) , and the end product obtained (Fig. 2) corroborate the known reaction mechanism for acetyl-CoA carboxylase.
The enzyme activities of the whole tissue homogenate ofembryo isolates from 1-day seedlings (Table I ) are comparable to those reported for wheat germ (13) and barley embryo extracts (6) . The increased activity during development (Table I) (31) on studies with developing leaves of Chl-deficient barley mutants were in agreement with this in that the enzyme activities of the mutants they studied remained below those of the wild type. A possible explanation for the higher activity in the virescens mutant is an increased synthesis in the mutant of other cellular membranes relative to those of the chloroplast. Another possibility is that the enzyme product, malonyl-CoA, was directed into other synthetic pathways, biotin (8) , flavonoids (38) , and 6-methyl salicyclic acid (19) . However, the higher biotin content in the normal relative to the mutant (Table IX) nmol/mg protein-min for the mutant (Table IV) represents, to our knowledge, the first data showing appreciable acetyl-CoA carboxylase activity from chloroplast isolates. Activities of 1.7 nnol/mg protein-min (17) and 0.25 ,umol/mg Chl.h (32) have been reported for chloroplasts isolated from immature spinach leaves. Acetyl-CoA carboxylase activity has also been reported in the proplastids of developing castor bean endosperm at an activity of 10.7 nmol/mg protein min (7) . The very high activity of the 4-day mutant stromal preparation relative to the normal, based both on Chl and protein content, is likely mainly due to the much higher ribulose-1,5-bisP carboxylase protein present in the normal relative to the mutant at 4 days (3) and the very low Chl content per plastid of the 4-day mutant (Table III) . Accurate comparisons on a per plastid basis are not possible due to the large differences in the protein:Chl ratios of the isolated plastids (Table IV) . The very high protein:Chl ratio of the 4-day mutant reflects its low Chl content per plastid. The decline in the protein:Chl ratio evident in the 6-and 8-day normal and 8-day mutant is probably due to excessive loss of soluble protein from the more mature plastids during isolation. On the other hand, the decrease in specific activity on a protein basis for the normal between days 4 to 8 and for the mutant between days 6 and 8 probably represents a true decline inasmuch as the major Plant Physiol. Vol. 67, 1981 The stroma were prepared from 5-day normal and 6-day mutant and from 2-day normal and 2-day mutant whole-tissue homogenates. ferase subunit (Table V) , suggesting a fully functional stromal 3,433 enzyme complex.
The higher biotin content in the stromal fraction relative to the 4,199 lamellar fraction (Table IX) is consistent with the localization of 71 the biotin containing enzyme to the stromal fraction (Table II) .
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However, the much higher levels in the normal relative to the mutant is not consistent with the activities found (Table IV) . Biotin estimations as performed were presumed adequate for the ted 3 mi with localization of the acetyl-CoA carboxylase because it is the only C03 then was biotin enzyme described for plants. The biotin levels of 1.0 to 3.1 pg/mg protein (Table IX) exceed those reported for purified barley-embryo acetyl-CoA carboxylase (6); however, they are somewhat less than the biotin content of purified BCCP (6, 10) . The high readings obtained probably reflect a high free-biotin content in the chloroplast stromal preparations. High levels of soluble biotin were also reported in lettuce, maize, pea, and tobacco chloroplasts (22) . The results, however, do not rule out the possibility that the functional BCCP component of the acetylCoA carboxylase complex is also associated with the lamellar membrane, as was found by others (20, 21) .
Although the origin of acetyl-CoA, a required substrate for the carboxylase enzyme is still uncertain (33) , recent evidence has shown that bicarbonate, pyruvate and acetate each serve as effec-A^\ tive precursors for fatty acid biosynthesis with isolated intact %,, "X chloroplasts (28, 39) .The more recent finding that a pyruvate ---14 16g dehydrogenase complex is localized in the chloroplast fraction (9, frnt 37) suggests the chloroplasts can provide their own acetyl-CoA.
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The data presented here for the localization of the acetyl-CoA carboxylase enzyme to the chloroplast stromal fraction at activity levels comparable to the incorporation rates achieved for pyruvate, malonic acid HC03-, and acetate is consistent with the tenet that the complete A carboxylase fatty acid biosynthetic pathway resides within the chloroplast. In rhe acid-stable a preliminary study, using the same procedure for plastid isolation ned by Haung and acetyl-CoA carboxylase assay, very low specific activities were ,ere counted in detected for expanding lettuce, spinach, and tobacco leaves and taken after the for greening cucumber cotyledons (data not presented). The lowest d represents an activity obtained for barley was at least 4 times higher than the with KOH as levels obtained for these dicotylendonous plants. Our values obtained for spinach approximate those recently reported by Mohan and Kekwick (27) for spinach chloroplast homogenates. Apart ylase showed from possible enzyme inhibitors in the other plants (33) , barley, Dctive loss of with its intercalary meristem, has an advantage over dicotyledons I synthesis is in providing tissue of uniform physiological age for developmental macromole-studies. This is of value in assaying for acetyl-CoA carboxylase is supported activity inasmuch as it is highest during the period of rapid lipid icrease in the accumulation and declines sharply as the tissue matures. The d most active virescens mutant, with its high specific activity of acetyl-CoA carboxylase in chloroplasts isolated from young leaves, is a useful to the mutant system for the further characterization of the chloroplast acetyl-Plant Physiol. Vol. 67, 1981 BARLEY CHLOROPLAST ACETYL-CoA CARBOXYLASE CoA carboxylase.
